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VisionAbstract In order to perform an optical assembly accurately, a multi-sensor control strategy is
developed which includes an attitude measurement system, a vision system, a loss measurement
system and a force sensor. A 3-DOF attitude measuring method using linear variable differential
transformers (LVDT) is designed to adjust the relation of position and attitude between the spher-
ical mirror and the resonator. A micro vision feedback system is set up to extract the light beam and
the diaphragm, which can achieve the coarse positioning of the spherical mirror in the optical
assembly process. A rapid self-correlation method is presented to analyze the spectrum signal for
the ﬁne positioning. In order to prevent the damage of the optical components and realize sealing
of the resonator, a hybrid force-position control is constructed to control the contact force of the
optical components. The experimental results show that the proposed multi-sensor control strategy
succeeds in accomplishing the precise assembly of the optical components, which consists of parallel
adjustment, macro coarse adjustment, macro approach, micro ﬁne adjustment, micro approach and
optical contact. Therefore, the results validate the multi-sensor control strategy.
ª 2014 Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA.1. Introduction
The ring laser gyroscope is a main component in the strap-
down inertial navigation system. It is widely used in many
ﬁelds, such as aircraft, rockets, missiles, naval vessels, ships,
vehicles, etc.1 Especially in the military ﬁeld, ring laser gyro-
scopes occupy an important position.2 The ring laser is a basiccomponent of the ring laser gyroscope. However, in the pro-
duction process of ring laser gyroscopes, each laser’s resona-
tor, light path and reﬂecting mirrors will have some errors,
due to factors such as materials and machining.3 Therefore,
in order to compensate for the errors to satisfy the operating
requirements of the ring laser gyroscope, the positions of the
reﬂecting mirrors must be adjusted on the laser accurately.
In the ring laser, the process of adjusting and assembling
the spherical mirrors is called resonator adjustment. Resonator
adjustment is a key step in the process of manufacturing ring
laser gyroscopes. It is not only directly related to producing
laser light in the resonator, but also inﬂuences the performance
of the ring laser gyroscope. At home and abroad, the research
of ring laser gyroscope technology focus on such problems as
lock size, threshold current, noise, zero-drift, and so on.4–8
614 L. Ma et al.However, the research on resonator adjustment is seldom
involved.
Resonator adjustment is a complex process. In order to ful-
ﬁll the optical assembly, some sensors must be applied to
adjust and assemble the spherical mirrors accurately. A
multi-sensor control system is presented to monitor the optical
assembly, which consists of a vision sensor, an attitude sensor,
a photoelectric sensor and a force sensor. Moreover, a control
strategy is developed to accomplish the optical assembly.
Finally, a set of precise optical assemblies are accomplished
by the control strategy.
2. Precise assembly principle of optical components
As Fig. 1 shows, there are four reﬂecting mirrors in the ring
laser. M1 and M4 are the semi-reﬂective and semi-permeable
plane mirrors, M2 and M3 are the spherical mirrors. A refer-
ence light from a laser light source enters the optical resonator
along the light path hole axis on M1, and then the light beam
gets toM2. By the reﬂection ofM2, the light beam reachesM3,
and then gets to M4. Finally, the light beam returns to plane
mirror M1 to continue the next cycle.
Because the reﬂective orientation of the light beam is
unchangeable when it is reﬂected in any position of a plane
mirror, the assembly of two plane mirrors is relatively easy.
The essence of the resonator adjustment is to adjust the two
spherical mirrors’ positions on the optical contact surfaces of
the resonator to change the reﬂective orientation of the light
beam, and thus to form a closed-loop optical path, as shown
by the dash line in Fig. 1. Moreover, the closed-loop optical
path is as close as possible to the center of the optical path hole
and the diaphragm, so that the resonator’ loss is the lowest.
The resonator assembly process is to search for a pair of best
reﬂective points to assemble the two spherical mirrors and thus
to achieve the optimal value of optical resonance.
In the process, the movement of the spherical mirrors is
accomplished by a micromanipulating mechanism, which is
comprised of a coarse positioning stage adopting a parallel
structure driven by AC servo motors, and a ﬁne positioning
stage driven by piezoelectric ceramics and a gripper. In order
to fulﬁll the optical components assembly accurately, someFig. 1 Schematic diagramsensors are used in the process, as shown in Fig. 1. The relative
attitude of the spherical mirror and the resonator is obtained
by an attitude sensor. In addition, the output light from M4
is collected by a vision sensor to detect the relative position
of the light beam and the diaphragm. At the same time, to
get the resonator loss, the output light is collected by a photo-
electric signal sensor. Lastly, a force sensor is used to measure
the contact force between the spherical mirror and the resona-
tor in the assembly process.
3. Multi-sensor assembly
3.1. Attitude measurement
In the optical assembly process, a key issue is to determine the
distance and attitude between the spherical mirror and the res-
onator. There are a number of ways to detect the attitude
between two objects,9–11 such as micrometer gauge, photoelec-
tric sensor, transit instrument, three-coordinates measuring
machine, etc. However, these ways are unsuited to resonator
adjustment. In the process, the distance error and angle error
between the spherical mirror and the resonator should be less
than 1 lm and 1500 respectively. To avoid destroying the opti-
cal components and ensure the seal ability of the resonator,
there must be no other objects to contact the optical contact
surfaces of the spherical mirror and the resonator before the
assembly. Considering the shape of the optical contact surfaces
(the resonator is square, and the spherical mirror is circular),
the four corners of the optical contact surface of the resonator
can be used to measure the attitude by the contact method.
The principle of attitude measuring is shown in Fig. 2. Four
linear variable differential transformers (LVDTs) are distrib-
uted at the optical contact surface of the resonator symmetri-
cally, and the spherical mirror is located in the center of the
four LVDTs. The resonator assembled is ﬁxed in a frame.
The four LVDTs are utilized to obtain the distance (z) and
attitude (hx, hy) between the spherical mirror and the
resonator.
Only three micro-displacement sensors take effect in the
actual assembly process. In order to enhance the integrity of
the system appearance, four sensors of symmetrical distributionof assembly principle.
Fig. 2 Attitude measurement principle.
Fig. 4 Sample curves of four LVDTs.
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as a reference and replacement part. As Fig. 2 shows, the 1st,
2nd, and 3rd road signals of LVDTs are taken to determine
the movement attitude of the coarse positioning stage with
the spherical mirror. It follows that:
Dz ¼ z z0 ¼ ðz1 þ z3Þ  ðz
0
1 þ z03Þ
2
Dhx ¼ hx  h0x ¼ arctan
z2  z3
a
 
 arctan z
0
2  z03
a
 
Dhy ¼ hy  h0y ¼ arctan
z1  z2
a
 
 arctan z
0
1  z02
a
 
8>>>>><
>>>>:
ð1Þ
where Dz, Dhx, and Dhy represent the relative attitude between
the spherical mirror and the resonator, i.e., the movement
attitude of the coarse positioning stage with the spherical
mirror. z, hx, and hy refer to the actual attitude of the spherical
mirror in real-time measurement. z0, hx
0, and hy
0 represent the
calibrating target attitude of the spherical mirror. a is the
distance between two adjacent LVDTs. z1, z2, and z3 represent
the actual values of the 1st, 2nd, and 3rd road LVDTs in
real-time measurement, respectively. z1
0, z2
0, and z3
0 refer to
the target values of the 1st, 2nd, and 3rd road LVDTs in the
calibration, respectively.
In the attitude measurement system, an ideal LVDT signal
conditioning chip, AD598, is adopted to realize the attitude
control. AD598 has high stability and compatibility, which
can fulﬁll the attitude measurement accuracy. To improve
the adjusting efﬁciency, an attitude proportional-integral-
derivative (PID) algorithm is used to control the movement
of the spherical mirror. The attitude control principle and
vision control principle are shown in Fig. 3. (The vision control
principle will be introduced in Section 3.2.2, Du, Dv denote the
image center deviation of the light beam and the diaphragm in
the x-axis and y-axis, respectively.) In the adjustment process,
the actual attitude of the spherical mirror, z, hx, hy, can be
obtained by the attitude sensors and attitude estimation.Fig. 3 Block diagram of attitudTherefore, according to the calibrating target attitude, z0,
hx
0, hy
0, we can get the attitude deviation from Eq. (1), i.e.,
Dz, Dhx, Dhy. The deviation is transmitted to the attitude
PID controller to realize the movement of the coarse
positioning stage, Dz0, Dhx0, Dhy0, by a robot controller quickly,
and thus achieve the target attitude of the spherical mirror, z0,
hx
0, hy
0.
Fig. 4 gives the sample curve of four LVDTs in the attitude
adjustment process. From Fig. 4, we can see that the system
can accomplish the attitude adjustment of the spherical mirror
in 25 s. Experimental results show that the LVDT resolution
can reach 0.1 lm, the maximum distance error is 0.5 lm and
the maximum angle error is 800, which are sufﬁcient for the
adjustment process.
3.2. Vision positioning
Vision feedback is a very effective method for precise assem-
bly, including resonator adjustment.12–16 To guarantee the
production quality of the resonator assembly, the center of
the light beam and the diaphragm must coincide before assem-
bling the spherical mirrors. Therefore, vision coarse position-
ing is necessary in the optical assembly process. In the
process, the vision images should be displayed steadily and
in real time, and the pixel resolution should be higher than
15 lm. A vision system is constructed which consists of a
CCD camera, an image interface card and a monocular tele-
scope. To meet the vision feedback requirements, we adopt a
colorized CCD camera with high gain and low light level,
whose pixel resolution is 10 lm and ﬁeld of view is
5.824 mm · 4.368 mm. The vision system can adjust the posi-
tion of the spherical mirror by collecting images of the light
beam and the diaphragm. Then, the following explanations
will concentrate on extracting these features.e control and vision control.
Fig. 5 Feature extraction of light beam based on sequence image
variance.
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To analyze the diaphragm image, the diaphragm outline
should be cut apart from the background ﬁrst. From the
images collected by the CCD camera, we ﬁnd that the image
noises look larger, the resolution of the diaphragm border is
not good, and the diaphragm brightness is uneven. Thus, the
vision system extracts the diaphragm by using adaptive thresh-
old segmentation and statistical techniques of projection. The
diaphragm segmentation algorithm is given in Eq. (2):
TxðjÞ ¼
Xc
i¼1
gði; jÞ
TyðiÞ ¼
Xb
j¼1
gði; jÞ
8>>><
>>>:
; gði; jÞ > l ð2Þ
where Tx and Ty denote the projections in the x and y
directions, respectively. g(i, j) is the gray value in point (i, j),
c is the image width, b is the image height, l is the adaptive
threshold. Here, l is achieved by Otsu method.17
As a result of the regular shape and high symmetry of the
diaphragm, the diaphragm center position (ud, vd) is obtained
by the gravity model approach. The approach is accurate,
stable, and simple, which is in accord with the real-time
requirements in the resonator adjustment process.
3.2.2. Feature extraction of light beam
In the resonator adjustment process, the light beam images
change periodically. Therefore, the light beam position has sig-
niﬁcant ﬂuctuations if we simply analyze a single image.
A sequence image processing method is presented to extract
the light beam position precisely. For a short period of time,
the average value and variance of the gray value in each point
from multiple images are given in Eq. (3):
gnði; jÞ ¼ n 1
n
gn1ði; jÞ þ gnði; jÞ
n
r2nði; jÞ ¼
n 2
n 1r
2
n1ði; jÞ þ
ðgn1ði; jÞ  gnði; jÞÞ2
n
8><
>>: ð3Þ
where r2n(i, j) is the variance of the gray value in point (i, j)
until time node n, gn(i, j) is the gray value in point (i, j) at time
node n, and gnði; jÞ is the average of gray value in point (i, j)
until time node n.
Since the intensity of the image background and the dia-
phragm changes barely, that is their gray values remain
unchanged, their variance is small. However, light beam images’
variance is larger as a result of its continual change. Therefore,
light beam area will become an obvious peak in the variance
result. It can be obtained by calculating the gradient value of
the image gray. Since the light beam has a good symmetry, the
gravity model approach can also give its center position (ul, vl).
Variance results of the light beam, from 25 images in 1 s, are
shown in Fig. 5. Figs. 5(a) and (b) give the original images when
the light beam brightness is low and high, respectively. From
Fig. 5, it is clear that the proposed method can extract the light
beam accurately no matter the light beams are weak or bright.
The vision control principle is shown in Fig. 3. In the vision
feedback process, the CCD camera captures the images of the
diaphragm and the light beam, then achieves their center
deviation (Du= ud  ul, Dv= vd  vl) by feature extraction
based on the method mentioned above. After the coordinate
transformation, we can obtain the position control parametersof the spherical mirror, Dx, Dy. The parameters are transmit-
ted to a robot controller to realize the movement of the coarse
positioning stage, and then turn the movement of the spherical
mirror to enable the center deviation, Du, Dv, to become zero.
By this time, the coarse positioning of the spherical mirror is
accomplished by the vision system.
Multi-sensor control for precise assembly of optical components 617The vision system using an industrial PC can extract the
feature of the diaphragm and the light beam with a speed of
25 images per second based on these extraction methods.
Moreover, the center change of the diaphragm and the light
beam is less than 0.4 pixel when the spherical mirror is static.
All these indicate that the vision system can control the
spherical mirror movement steadily and in real time.
3.3. Loss measurement
The loss is an important index for the laser resonator evalua-
tion. In the production assembly and quality detection process
of the ring laser gyroscope, the resonator loss should be mea-
sured. There are two ways for loss measurement, optical reso-
nator attenuation, and direct measurement.18,19 For the direct
measurement method, the resonator loss is obtained by mea-
suring the interval and the full wave at half maximum of the
resonator spectrum curve. The loss Ls is deﬁned as:
Ls ¼ 2p W
T
ð4Þ
where W is the full wave at half maximum of the spectrum
curve, and T is the spectrum curve interval.
In order to obtain the resonator loss, a measurement system
with a photomultiplier tube, a preampliﬁer, a data acquisition
card, and a sawtooth generator is developed.
The optical signals from the resonator are converted to
electrical signals by the photomultiplier tube. The electrical sig-
nals have low amplitudes, fast rate of change, and wide band-
width. Therefore, in order to improve the acquisition accuracy,
the electrical signals must be ampliﬁed by a preampliﬁer. To
avoid signal distortion, we choose an ideal operational ampli-
ﬁer, AD8610, with high accuracy, low noise, low temperature
drift, and high bandwidth, to form the preampliﬁer. Moreover,
a high speed data acquisition card with 1 MHz bandwidth,
PCI-1712, is used to collect the ampliﬁcation signals to a com-
puter. Thus, the electrical signals ampliﬁed not only has a high
accuracy, but the acquisition speed is also very high, which
makes it sufﬁcient for the loss measurement.
The spectrum curve collected by the computer is illustrated
in Fig. 6. As seen from Fig. 6, a scanning cycle includes three
periodical spectrums, and each periodical spectrum consists of
four spectrum lines. The ﬁrst spectrum line is the basic mode,
while the others are three high order modes. The interval
between the two basic modes is T.Fig. 6 Spectrum curve collected by computer.In order to get the interval T reliably, an autocorrelation
analysis is used in the spectrum curve. For a scanning cycle
signal, Rx(m) is estimated from time average:
bRxðmÞ ¼ 1
N
XN mj j1
n¼0
xðnÞxðnþmÞ ð5Þ
where N is the signal length. Since bRxðmÞ reaches the maxi-
mum at points T, 2T, . . ., kT, for the spectrum signal x(n) with
a period T, T can be estimated from bRxðmÞ. Fig. 7(a) gives the
analysis result of Fig. 6 according to Eq. (5).
From Fig. 7(a) and Eq. (5), we can see that the calculation
utilizing the method is complex, and the real-time result is not
good. To solve these problems, the spectrum curve is further
analyzed. It is found that a scanning cycle includes several
spectrum lines, and T has some ﬂuctuations. Since the resona-
tor spectrum W is narrow, of a microsecond level, and a scan-
ning cycle is long, of a millisecond level, the effective signal is
only a few isolated narrow pulses, and a large number of sam-
pling data are background noise in the scanning cycle. Using
these characteristics of the spectrum curve, a rapid self-corre-
lation algorithm is presented, given by Eq. (6) as:
bR 0xðmÞ ¼
1
N
XNjmj1
n¼0
xðnÞxðnþmÞ; 8n 2 Fk1 ; nþm 2 Fk2
0; Otherwise
8><
>:
ð6Þ
where Fk1 is the k1 spectrum curve, and Fk2 is the k2 spectrum
curve. Likewise bR0xðmÞ has the maximum at the points T, 2T,
. . ., kT. Therefore, T can be estimated rapidly by the algo-
rithm. Fig. 7(b) gives the analysis result of Fig. 6 according
to Eq. (6).
It can be seen from Fig. 7(b), that the peak positions of the
spectrum curve are accurate, and the calculation complexity
also can be reduced greatly by Eq. (6). Since the peak positions
appear at the points T, 2T, . . ., kT, T is achieved according to
the rapid autocorrelation estimation. After estimating T, the
peak value Vmax and W at Vmax/2 can be obtained. Hence,
the resonator loss is computed by Eq. (4).
The loss measurement control principle is shown in Fig. 8.
In the adjustment process, after photoelectric conversion and
loss estimation mentioned above, we can get the loss valueFig. 7 Spectrum curve analysis results.
Fig. 8 Block diagram of loss measurement control.
Fig. 9 Model of force sensor.
Fig. 10 Position relationship between the spherical mirror and
the resonator.
618 L. Ma et al.Ls at the current position of the spherical mirror in real time.
Since there is no deﬁnite corresponding relationship between
the position of the spherical mirror and the loss, the adjust-
ment of the spherical mirror is realized by an automatic tiny-
step searching method in a small limited space. Here, the ﬁne
positioning stage driven by piezoelectric ceramics is used to
turn the movement of the spherical mirror by the robot con-
troller because the movement displacement is very small, and
then make the loss Ls lower than target Ls
0. At this moment,
the ﬁne positioning of the spherical mirror is achieved by the
loss measurement system.
At the same time, we adopt an oscilloscope to measure the
loss value. The error is less than 3% between the loss measure-
ment mentioned above and the oscilloscope measurements,
which indicates the accuracy of the proposed measurement
method.
3.4. Force control
Force control is widely used in a precise assembly,20–22 includ-
ing resonator adjustment. First of all, in the assembly process,
the contact force between the spherical mirror and the resona-
tor should be controlled to avoid damages to the optical con-
tact surfaces. Then, at the optical contact stage, the contact
forces can be used to seal the resonator. The adjustment pro-
cess requires a force range of 15 N and a resolution of
100 mN. Based on the actual demands, a 1-DOF force sensor
of resistance strain type with the structure of dual cantilevers is
designed, as shown in Fig. 9. In Fig. 9, F is force acted at the
sensor, R1, R2, R3, and R4 are high-precision BF series strain
foils made by German BLH company and a full-bridge con-
nection is adopted, which can not only improve sensitivity,
but also restrain the interference signals. Experimental results
of the force sensor show that the sensor has good linearity
and little temperature drift and creep. Furthermore, its resolu-
tion is less than 100 mN and range is 20 N, which can satisfy
the adjustment demand.
The position relationship between the spherical mirror and
the resonator is given in Fig. 10. When the spherical mirror is
far away from the optical contact surface of the resonator, a
position control method is adopted by the four LVDTs. WhenFig. 11 Hybrid forcthe spherical mirror approaches the resonator, a hybrid force-
position control method is adopted by the force sensor and the
four LVDTs. The force in the z-axis is used to detect their con-
tact. As Fig. 11 shows, a PID controller is used in the hybrid
force-position control.e-position control.
Multi-sensor control for precise assembly of optical components 619The PID controller is used to control system uncertainty
and accuracy. Force control algorithm is given by
Id ¼ KPðFd  FrÞ þ KI
Z
ðFd  FrÞdtþ KD _zr ð7Þ
where Fd and Fr are the expectant contact force and real feed-
back contact force respectively, t means time, _zr is the real
speed of the spherical mirror in the z-axis, KP, KI and KD
are the proportion factor, integral factor and differential factor
respectively. In Fig. 11, zd and zr are the expectant position
and real position in the z-axis respectively.
During the control process, the contact force threshold Fc is
used as a switch between the force control and position
control. The switch operation is performed as follows:
If _zrðtcÞ > 0 \ Fr ¼ Fcf g [ Fr < Fcf gf g;
then switch to the position control:
If _zrðtcÞ  0 \ Fr ¼ Fcf g [ Fr  Fcf gf g;
then switch to the force control:3.5. Control strategyFig. 12 Resonator adjustment strategy.In order to achieve a precise assembly, some control strategies
should be implemented.23–25 In the resonator adjustment pro-
cess, each part of the system should work coordinately by a
reasonable adjustment method, which is key to complete the
task successfully. The adjustment strategy under multi-sensor
control is shown in Fig. 12. The whole process can be divided
into six steps, including parallel adjustment, macro coarse
adjustment, macro approach, micro ﬁne adjustment, micro
approach and optical contact.
As seen from Fig. 12, in the adjustment process, the task
can be completed by the coordination control of the attitude
information, vision information, loss information and force
information. The attitude information plays an important role
in the parallel adjustment step and the macro approach step.
And the vision information, loss information and force infor-
mation play a major role in the macro coarse adjustment step,
the micro ﬁne adjustment step and the optical contact step,
respectively. But the micro approach step is conducted under
the force information and the vision information.
In the macro coarse adjustment step, according to the cen-
ter deviation between the light beam and the diaphragm in the
vision image, the computer directs the coarse positioning stage
to move until the deviation is almost zero on the basis of their
corresponding relationship. In the micro ﬁne adjustment step,
on the basis of the automatic searching method, the computer
controls the ﬁne positioning stage to move the spherical mirror
in a small limited space, step by step. Then the resonator loss is
reduced gradually until the loss is less than the target obtained
by the experiment. Next, by hybrid force-position control,
vision feedback, and loss measurement, the resonator adjust-
ment task is accomplished precisely. In Fig. 12, l1 is the posi-
tion in the z-axis before macro coarse adjustment, and l2 is
the position in the z-axis before micro ﬁne adjustment.
By using the adjustment strategy in Fig. 12, it is easy to ﬁnd
out the optimal positions to assemble the two spherical mir-
rors. The reasons are as follows. First, each step is accom-
plished under at least one sensor control in the whole
assembly process, which can realize real-time control. Second,
before the sixth step ‘‘optical contact’’, the spherical mirrorsmay move freely because there is no contact force between
the spherical mirrors and the resonator, which is good for
searching the positions of the spherical mirrors. In addition,
after each step, the spherical mirrors are getting closer to the
object points. Finally, each step takes little time, which will
raise the assembly efﬁciency.
620 L. Ma et al.4. Experimental results
The prototype of the resonator adjustment system is shown in
Fig. 13. It is composed of the coarse positioning stage, the ﬁne
positioning stage, the gripper, the multi-sensor system, the
optical system, and the accessorial mechanism such as circular
guide rails.
During the adjustment assembly, the force sensor is used to
prevent collision and realize the successful sealing of the reso-
nator. The force curve in the assembly process is illustrated inFig.13 Prototype of the resonator adjustment system.
Fig. 14 Force curve in the optical process.
Fig. 15 Result of the image feature extraction.
Fig. 16 Result of the loss analysis.
Fig. 17 Sealing result of the resonator.Fig. 14. From Fig. 14, it can be found that, (1) the contact
forces of stages I, III, and V, which are in the ﬁrst four steps
of the optical assembly process, are almost zero; (2) stages II
and IV, which are in the ﬁfth step ‘‘micro approach’’, have
brought in the contact force. However, the vision images or
the loss do not reach the required standard, so it can be
returned to the second step ‘‘macro coarse adjustment’’ or
the fourth step ‘‘micro ﬁne adjustment’’ respectively, to adjust
the spherical mirror again; (3) stage VI is in the sixth step
‘‘optical contact’’, to apply the optical contact force to seal
the resonator; (4) in stage VII, the force is reduced to zero,
which has accomplished the whole assembly process.
Figs. 15 and 16 give respectively the results of the image
feature extraction and the loss analysis after the assembly. In
Fig. 16, the lower ﬁgure is the result of the upper ﬁgure ampli-
ﬁed locally. The results both meet the required standard of the
optical assembly.
The sealing result of the resonator is illustrated in Fig. 17
after optical contact. It can be seen that the sealing result is
very good. The experimental results demonstrate that the
multi-sensor control can be successfully used to assemble the
spherical mirrors in the resonator adjustment process.
5. Conclusions
(1) The paper proposes a multi-sensor control method to
realize resonator adjustment for the precise assembly
of the optical components.
(2) A 3-DOF attitude measuring method by LVDTs is pre-
sented to adjust the relation of distance and attitude
between the spherical mirror and the resonator. Its max-
imum distance error is 0.5 lm and maximum angle error
Multi-sensor control for precise assembly of optical components 621is 800. A method of the adaptive threshold segmentation
and statistical techniques of projection is developed to
extract the diaphragm. The feature extraction of the
light beam is realized by a sequence image processing
method. By the image feature extraction methods, vision
feedback achieves the coarse positioning of the spherical
mirror. For the ﬁne positioning, a rapid self-correlation
estimation is designed to analyze the spectrum signal,
and a hybrid force-position method is used to control
the contact force in the assembly process.
(3) The experimental results demonstrate that the multi-
sensor control is suitable for performing the precise
assembly of the optical components.
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